ABSTRACT The bitter plant-derived compounds cucurbitacins are known to stimulate feeding of adult cucumber beetles (Coleoptera: Chrysomelidae). A cucurbitacin-based gustatory stimulant applied as a ßowable bait combined with either spinosad or carbaryl was compared with foliar sprays of spinosad and carbaryl for controlling two cucumber beetle species (Diabrotica undecimpunctata undecimpunctata Mannerheim and Acalymma trivittatum Mannerheim) in honeydew melons (Cucumis melo L.). Field studies were conducted on the University of CaliforniaÐDavis plant pathology farm in 2008 and 2009. Beetle densities after applications and fruit damage from beetle feeding were compared among treatments. In addition, beetle survival was compared within Þeld cages placed over the treated foliage infested with beetles. Using all three measures of efÞcacy, we determined that the addition of cucurbitacin bait had no effect on the level of cucumber beetle control with carbaryl in either 2008 or 2009. In both years, spinosad did not signiÞcantly reduce cucumber beetle densities in either Þeld cages or Þeld plots and did not reduce fruit damage relative to the untreated control. The addition of the bait to spinosad did not improve its efÞcacy. A laboratory bioassay of the spinosad formulation used in the Þeld showed it had signiÞcant lethal effects on adults of both cucumber beetle species. Results indicated that the bait formulation used did not improve cucumber beetle control but may beneÞt from the addition of ßoral attractants or using a different type of cucurbitacin.
Cucumber beetles are among the most economically signiÞcant arthropod pests of melons (Cucumis melo L.) grown in northern California. The larvae feed on the roots and lower stems, weakening the plant and the adults can cause signiÞcant damage to the foliage and ßowers. However, the most important source of damage is the feeding of adults and larvae on the rind of the fruit, causing unsightly scarring and rendering it unmarketable (Michelbacher et al. 1953) . Two cucumber beetle species are of concern, the western spotted cucumber beetle, Diabrotica undecimpunctata undecimpunctata Mannerheim, and the western striped cucumber beetle, Acalymma trivittatum Mannerheim.
In recent years, cucumber beetle damage has increased in severity and as a result insecticide use has increased. The melon acreage in California treated with carbaryl, which is frequently used against cucumber beetles, more than doubled from 2003 to 2006 (CDPR 2008) . Current management of cucumber beetles in California includes the use of foliar insecticides to reduce adult populations. The present California recommendation is to make chemical treatments when there is one beetle per plant during the seedling stage (Natwick et al. 2009 ). In practice however, treatments typically occur throughout the growing season whenever cucumber beetles are dense enough to be visible in the Þeld. This often leads to applications occurring every 5Ð7 d during the peak of cucumber beetle activity, especially when fruit is present. This management strategy needs improvement for three primary reasons. First, the gross sale value of organic melon production in California has more than doubled in the 2000s (CDFA 2009 ). Many foliar organic insecticides are ineffective against cucumber beetles and organic growers need improved methods to manage cucumber beetles. Second, there is concern of resistance to the foliar insecticides developing. Resistance is likely to occur in systems where frequent applications of insecticide from the same class of chemistry result in large selection pressure against the pest (Pedigo and Rice 2006) . Other Diabrotica spp. have developed resistance to foliar insecticides similar to those being used to control cucumber beetles (Meinke et al. 1998) . Finally, the use of carbamates such as carbaryl should be reduced if possible due to the high toxicity and wide-spectrum activity of such compounds (Pedigo and Rice 2006) .
There have been numerous attempts recently to enhance the efÞcacy of insecticides against cucumber beetles through the incorporation of cucurbitacins. Cucurbitacins are a group of tetracylic triterpenes that are found universally in plants in the Cucurbitaceae family. These bitter compounds are powerful feeding stimulants to cucumber beetles in both the adult and larval stages (Chambliss and Jones 1966, Deheer and Tallamy 1991) .
Combining cucurbitacins with insecticides formulated as a bait has been attempted for the control of diabroticine beetles in several different crops with mixed success. Application of dry granular bait containing cucurbitacins and blossom volatiles as attractants successfully reduced adult corn rootworm numbers in maize (Zea mays L.) (Lance and Sutter 1992) . However, the reduction in beetle numbers only lasted 1Ð2 wk. In peanuts (Arachis hypogaea L.), neither a dry granular bait nor a ßowable bait reduced damage to peanut pods from the larvae of the spotted cucumber beetle, Diabrotica undecimpunctata howardi Barber (Barbercheck et al. 1995) . When used in cantaloupe, both dry bait and ßowable bait reduced beetle numbers comparable to that of a foliar carbaryl spray (Brust and Foster 1995) . Additionally, the relatively low concentration of insecticides present in cucurbitacin baits enabled them to be used effectively against adult corn rootworms while not inhibiting the use of natural enemies to control other pests in maize (Lewis et al. 2005) .
Using cucurbitacin baits on the western cucumber beetle subspecies in the California irrigated melon agroecosystem has not yet been evaluated. A Þeld study was conducted during the summers 2008 and 2009 examining the efÞcacy of a cucurbitacin bait when combined with formulations of either carbaryl or spinosad. Carbaryl was selected because it is a standard foliar insecticide used against cucumber beetles in conventional systems. Spinosad was used because it can be formulated as an organically acceptable insecticide, although the organic formulation was not used in this study. The hypotheses were that the cucurbitacin would allow carbaryl to be equally effective at a reduced rate compared with a much higher rate of carbaryl applied without the bait and that the bait would increase efÞcacy of spinosad relative to spinosad applied at the same rate but without the bait. The study was a randomized complete block design with Þve treatments and four replications. The 20 plots were 10 rows wide (20.1 m) and 16.8 m long. There were two border rows between each plot, and 2.7 m of melon foliage between the edges of each block. There was also a 2.7-m-wide untreated strip of melon plants at the edges of the Þeld running perpendicular to the rows and eight untreated rows on each end of the Þeld to help build beetle populations.
Materials and Methods
The Þve treatments used in this experiment were as follows: 1) an untreated control, 2) carbaryl (Sevin XLR Plus, Bayer CropScience, Research Triangle Park, NC) at 1.12 kg (AI)/ha, 3) carbaryl at 0.112 kg (AI)/ha with Cidetrak added, 4) spinosad (Success, Dow AgroSciences, Indianapolis, IN) at 0.105 kg (AI)/ ha, and 5) spinosad at 0.105 kg (AI)/ha with Cidetrak added. The carbaryl alone and spinosad alone treatments were done at the labeled rates and the Cidetrak treatments were done at the rates recommended on the Cidetrak label. The concentration of Cidetrak in both bait treatments was 0.094 kg (AI)/ha.
Insecticide applications were made using a CO 2 -powered backpack sprayer. Treatments were applied at a rate of 222.9 liters/ha for all treatments. The treatments not containing Cidetrak were made using XR TeeJet 8003 VS (Spraying Systems Co., Wheaton, IL) nozzles oriented perpendicular to the soil surface as a broadcast spray. The Cidetrak treatments were made with D5 stainless steel cone nozzles oriented parallel to the soil surface that was intended to create relatively large droplets with a volume mean diameter of Ϸ600 m that act as bait stations. Applications were made on 24 July, 12 August, 26 August, and 10 September. Cucumber beetle population density was monitored by counting the number of both species observed on one plant from each of Þve separate rows near the center of each plot. This visual monitoring was done three times before the Þrst application (7 July, 13 July, and 22 July), four times after the Þrst application (25 July, 28 July, 1 August, and 6 August), three times after the second (14 August, 19 August, and 25 August) and third applications (28 August, 2 September, and 9 September), and one time after the Þnal application (17 September).
A Þeld cage experiment to examine beetle mortality independent of interplot effects was conducted once during the growing season. This occurred after the 10 September application with the cages being set up on 11 September. The cages consisted of four 1-m lengths of polyvinyl chloride pipe (2.54 cm in diameter) embedded into the soil around two or three melon plants. The pipes were spaced such that the area enclosed was Ϸ0.37 m 2 . The pipes were then covered by a large piece of row cover material (Agribon, Buenos Aires, Argentina), the edges of which were buried beneath the soil to prevent escapes. Before the edges were completely buried, the cage (one per plot) was infested with 20 adult western striped cucumber beetles and 30 adult western spotted cucumber beetles. Beetles were captured from alfalfa and melon Þelds throughout Yolo County during the early summer and kept in laboratory colonies on the University of Cal-ifornia, Davis campus until they were ready to be used. One week after infesting, the row cover was slowly lifted up and the number of living beetles was counted.
Harvest samples were taken from all 20 plots on 3 October to evaluate the effects of the treatments on fruit damage. Within each plot, Þve fully-developed melons were randomly selected from each of the four middle rows. The melon was cut from the vine with a knife and given a damage rating from 0 to 5 for the top-side of the fruit and the soil-side of the fruit. The rating indicated the percentage of fruit surface scarred from cucumber beetles: 0, 0% damage; 1, 1Ð20% damage; 2, 21Ð 40% damage; 3, 41Ð 60% damage; 4, 61Ð 80% damage; and 5, 81Ð100% damage. The melons also were weighed to see whether there was any effect of treatment on fruit mass.
2009 Season. The Þeld trial was repeated in the summer of 2009 with some modiÞcations. Most importantly, carbaryl was applied at the reduced rate with or without Cidetrak included. This allowed the effects of Cidetrak to be isolated independent of the effects of the carbaryl rate. Therefore the Þve treatments used in this experiment were as follows: 1) an untreated control, 2) carbaryl at 0.112 kg (AI)/ha, 3) carbaryl at 0.112 kg (AI)/ha with Cidetrak added, 4) spinosad at 0.105 kg (AI)/ha, and 5) spinosad at 0.105 kg (AI)/ha with Cidetrak added. Cidetrak was used at the same rate as in 2008 (0.094 kg [AI]/ha). The experiment was again a randomized complete block design with four replications and Þve treatments.
The Þeld used was once again located at the University of CaliforniaÐDavis Armstrong pant pathology farm, where Ϸ0.8 ha of melons were direct seeded on 10 June 2009. The honeydew variety "Tam Dew Improved" (Seminis, Woodland, CA) was used. Due to the different Þeld dimensions, plot sizes were slightly altered. In 2009, the 20 plots were each 12 rows wide (24.4 m) and 15.2 m long. The untreated buffer areas between plots and along the Þeld edges were the same size as the previous year, and similar production practices were used.
The application methods and volume per hectare were the same as used in 2008 for both the treatments with Cidetrak and without Cidetrak. Applications were made on 21 July, 4 August, 18 August, and 8 September. Counts of cucumber beetle population densities of both species were taken periodically by the same method as in 2008. Three sets of counts were made before the Þrst application (1 July, 8 July, and 15 July), two sets after each of the Þrst two applications (22 July, 29 July; and 5 August, 14 August), and four sets after each of the last two applications (19 August, 21 August, 26 August, 2 September; and 9 September, 11 September, 16 September, 23 September).
Two separate Þeld cage experiments were performed in similar manner to that done in 2008 except that 25 beetles of both cucumber beetle species were used in each cage. The Þrst Þeld cage experiment was set up on 5 August, and the surviving beetles were counted on 12 August. The second experiment was set up on 9 September and the surviving beetles were counted on 16 September. As in 2008, beetles were captured from Þelds throughout Yolo County during the early summer and kept in laboratory colonies until the Þeld cages were infested. On 2 October, a harvest sample was done in the same way as in 2008.
Bioassay. Due to the poor performance of spinosad in Þeld trials, a laboratory bioassay was conducted in summer 2009 to evaluate the toxicity of spinosad on both cucumber beetle species. The study was set up as a randomized complete block design with four blocks and two treatments: untreated and spinosad-treated. Plastic cups (425 ml) were used to enclose one melon leaf; leaves were cut from a Þeld-grown, insecticidefree cantaloupe plant, and the ends of the petioles were immersed in water. Each block/treatment combination had one cup with one leaf.
The leaves designated for an untreated cup were placed in the cup with no treatment. The spinosadtreated leaves were thoroughly wetted with a 0.26% by volume spinosad solution which was equivalent to the application solution used in the Þeld studies. The solution was applied with a 946.4-ml hand-held spray bottle. The wet leaves were placed in each cup immediately after application, and Þve adult beetles of each species were enclosed. Beetles were derived from the same source as used for the Þeld cage studies. Several small holes were placed in the lids for ventilation.
The cups were left on the laboratory countertop with the two cups from each block being immediately adjacent to each other. Temperature was maintained at Ϸ22ЊC. After Ϸ72 h, the lids were removed, and number of surviving beetles was counted.
Statistical Analyses. All data except the harvest samples were analyzed using PROC GLM (SAS Institute 1990), and means were compared with the Tukey mean separation. In 2008 and 2009, data on Þve-plant visual searches were analyzed as a randomized complete split-block design where successive sampling dates (time) were the subplots and treatments were the main plots. In each year the Þrst sampling date used was the Þrst one after the Þrst application date. This analysis was used because the populations often ßuctuated together over time and using time as a subplot took out some of the effects of that ßuctuation. Square-root transformations were performed on the Þve plant visual searches in both years to maintain the assumptions of the analysis of variance (ANOVA).
The single Þeld cage experiment in 2008 and both Þeld cage experiments in 2009 were analyzed as randomized complete block designs by using a standard ANOVA. The LSMEANS statement with TukeyÐ Kramer adjustment was used to adjust for unbalanced data from cages that had to be eliminated due to experimental error. The harvest samples were analyzed with PROC GLIMMIX (SAS Institute 1990), with separate analyses each year for damage ratings from both the top and soil sides of the fruit, as well as fruit mass. A Poisson distribution was used for the top-side damage ratings because there were so many zero ratings. Gaussian distributions were used for both soil-side damage rating and fruit mass. Means of each rating and fruit mass were compared with Tukey mean separation. PROC GLIMMIX was used for the harvest samples due to the large number of data points and the ability to use the appropriate distribution for each parameter. The bioassay data were analyzed with PROC GLM by using a simple ANOVA and Tukey mean separation.
Results

2008
Season. Based on the weekly Þve-plant visual counts, adult populations in most of the treatments, including the control, tended to ßuctuate together and declined immediately after each application was made (Fig. 1) . However, the carbaryl treatment tended to have a lower cucumber beetle density than the other treatments. There was a signiÞcant treatment effect from the Þve-plant visual counts (F ϭ 19.28; df ϭ 4, 12; P Ͻ 0.0001), but in the mean separation the only signiÞcant difference was the carbaryl only treatment was signiÞcantly less than the four other treatments.
In the 2008 Þeld cage experiment, there was a signiÞcant treatment effect (F ϭ 113.54; df ϭ 4, 11; P Ͻ 0.0001). The two carbaryl treatments had statistically lower survival rates than the other three treatments, which were not signiÞcantly different from one another (Table 1) .
The 2008 fruit harvest samples showed damage ratings from the top half of the fruit did not differ signiÞcantly with treatment (F ϭ 2.40; df ϭ 4, 12; P ϭ 0.1074) (Fig. 2) . There was a signiÞcant treatment effect when comparing the bottom or soil-side damage ratings (F ϭ 5.41; df ϭ 4, 12; P ϭ 0.0100), and the carbaryl only treatment had a signiÞcantly lower rating than all four other treatments. Aside from the carbaryl only treatment, there were no signiÞcant differences between mean damage ratings of any of the other treatments. Fruit mass did not differ by treatment (F ϭ 0.68; df ϭ 4, 12; P ϭ 0.6166).
2009 Season. Weekly plant monitoring in 2009 again showed that beetle populations in most of the treat- ments, including the control, ßuctuated together (Fig.  1 ). There was a signiÞcant treatment effect on the mean Þve-plant visual counts (F ϭ 5.81; df ϭ 4, 12; P ϭ 0.0077), but in the mean separation only the untreated and carbaryl only treatments were signiÞcantly different from one another.
There were no statistically signiÞcant differences between the survival rates of any of the treatments in the Þrst Þeld cage trial after the 4 August application (F ϭ 1.29; df ϭ 4, 11; P ϭ 0.3308; Table 1 ). After the 8 September application, in the second trial there was a signiÞcant treatment effect (F ϭ 16.65; df ϭ 4, 11; P ϭ 0.0001). Carbaryl alone and carbaryl ϩ Cidetrak had signiÞcantly lower survival rates than the other three treatments.
The damage ratings in the 2009 fruit harvest samples showed that neither the top half of the fruit (F ϭ 0.76; df ϭ 4, 12; P ϭ 0.5734) nor the bottom half (F ϭ 0.48; df ϭ 4, 12; P ϭ 0.7525) showed signiÞcant treatment effects (Fig. 2) . There was also no signiÞcant treatment effect when comparing mean fruit mass (F ϭ 1.22; df ϭ 4, 12; P ϭ 0.3534).
Bioassay. The laboratory assay showed signiÞcantly higher total cucumber beetle survival rate without spinosad (85%) than in the spinosad treatments (0%) (F ϭ 78.82; df ϭ 1, 3; P ϭ 0.0030). The survival rate was also signiÞcantly lower in the spinosad treatments for western spotted cucumber beetle (F ϭ 48.00; df ϭ 1, 3; P ϭ 0.0062) and western striped cucumber beetle (F ϭ 81.00; df ϭ 1, 3; P ϭ 0.0029) analyzed separately.
Discussion
The higher rate of carbaryl applied alone was the most efÞcacious treatment in the 2008 study. It consistently had the lowest cucumber beetle densities and was the only treatment to have any statistically signiÞcant effects on fruit damage. It was so effective in fact that not a single beetle survived for 7 d in any of the four Þeld cages from this treatment. Using Cidetrak and combining it with a lower rate of carbaryl, did not result in the same level of effectiveness as the higher rate of carbaryl. Carbaryl ϩ Cidetrak did not signiÞcantly lower beetle densities in the Þeld than the untreated control and it had no effect on fruit damage. With or without Cidetrak, spinosad had no signiÞcant effects on beetle density in the Þeld, Þeld cage survival or fruit damage in 2008.
From the 2009 study, adding Cidetrak did not seem to enhance control of cucumber beetles with carbaryl. Both treatments had comparable results using either beetle numbers in Þeld plots or survival in the Þeld cages. Although neither treatment had any signiÞcant effects on fruit damage, the Þeld cage experiment did verify that 10% of the label-recommended rate of carbaryl can still provide substantial reduction in cucumber beetle density relative to untreated foliage. As in 2008, spinosad had no statistical effects on cucumber beetle density or fruit damage, even with the inclusion of Cidetrak.
The uniformity of the population ßuctuations observed in both 2008 and 2009 among the different treatments ( Fig. 1) indicated that the chemical treatments alone were not inßuencing cucumber beetle population density. Changes in beetle numbers were likely at least partially due to generational cycles as both cucumber beetle species have been observed to have distinct population peaks (Pedersen 2009 ). In addition, these results may be due to the plots being too small for the highly peripatetic cucumber beetles. If there was a large amount of interplot movement, it Means within the columns followed by the same letter are not signiÞcantly different at the P Ͼ 0.05, Tukey mean separation. Used LSMEANS statement for unbalanced data and TukeyÐKramer adjustment. would diminish the individual treatment effects in each plot. This is especially evident in the decline in beetle density in the untreated plots observed immediately after most of the application dates. However, the plot size used in this study is comparable to those of similar studies evaluating insecticide use on cucumber beetles Foster 1995, Brust et al. 1996) .
The overall survival rate of cucumber beetles in the Þeld cage experiments was noticeably less in 2009 than in 2008 (Table 1) . This may be due to the use of a higher ratio of western striped cucumber beetles to western spotted in 2009. When keeping the beetles in laboratory cages before infesting in the Þeld cages, it was observed that the western spotted cucumber beetle adults tended to live longer than the western striped cucumber beetles. In addition, the western striped cucumber beetles were parasitized by Celatoria setosa Coquillett (Diptera: Tachinidae), whereas the western spotted had no signiÞcant parasites. The lower survival rates in 2009 also may be due to higher mean daily temperatures in Davis, CA, in August and September 2009 than in September 2008 (NCDC 2011) . Alternatively, it may be that the melon cultivar used in 2009 was less suitable than that used in 2008, which also may explain the lower fruit damage ratings observed in 2009 versus 2008 (Fig. 2) .
The hypotheses that Cidetrak would enhance the control of cucumber beetles in melons with carbaryl and spinosad were not supported in this study. Although there is evidence that low levels of carbaryl can reduce cucumber beetle numbers, its effectiveness was not increased by adding Cidetrak. Furthermore, the formulation of spinosad did not provide adequate control of cucumber beetles, with or without Cidetrak. Interestingly, the bioassay performed showed that spinosad can have high levels of toxicity to both cucumber beetle species. It may be that much of the spinosad activity in the bioassay was due to direct contact because the treated leaves were still wet when the beetles were added to the cups. However, activity from ingestion of spinosad is 5Ð10 times greater than that of external contact (Bret et al. 1997 ). Therefore, spinosad should be a good candidate for combination with cucurbitacin baits. The lack of success of the spinosad treatments in the Þeld trials indicates that there are other factors that are preventing the spinosad from providing effective control.
The reasons for the lack of effectiveness of Cidetrak are not obvious but it could be related to its formulation. The active ingredient in Cidetrak is powder from the root of C. foetidissima that contains only cucurbitacins (Cucs) E and I in detectable quantities (Metcalf et al. 1982) . Although diabroticine beetles have shown gustatory stimulation from Cuc E, Cuc B is more preferred (Eben et al. 1997) . Western spotted cucumber beetle was 10 times more sensitive to Cuc B than E, and the striped cucumber beetle, Acalymma vittatum F., was Ͼ10 times as sensitive to Cuc B compared with Cuc E (Metcalf et al. 1980) . The lack of Cuc B in Cidetrak may be limiting the ability of the bait to arrest cucumber beetles long enough to ingest sufÞ-cient insecticides.
In a previous study looking at cucurbitacin-containing baits, the most effective bait formulation was a dry bait (Brust and Foster 1995) . The bait had not only cucurbitacins as a gustatory stimulant but also ßoral attractants to draw the beetles to the bait. Volatiles from cucurbit blossoms are known to play a major role in attracting Acalymma and Diabrotica spp. (Andersen and Metcalf 1986, Lewis et al. 1990 ). These ßoral attractants are absent in Cidetrak and may be especially important when using it on cucurbits because their foliage is already rich in cucurbitacins. Similarly, the lack of ßoral attractants in a ßowable cucurbitacinbased bait applied to peanuts was responsible for the lack of efÞcacy in controlling cucumber beetle populations (Barbercheck et al. 1995) . Both ßoral volatile attractants and cucurbitacins inßuence the distribution of diabroticine beetles in cucurbit Þelds (Andersen and Metcalf 1987) . It may be that the lack of ßoral attractants in Cidetrak limits the number of cucumber beetles that are locating and feeding on the droplets, thereby reducing the effect of the high cucurbitacin content.
The use of Cidetrak in combination with spinosad or carbaryl cannot be recommended to California melon growers seeking to improve cucumber beetle management. However, other insecticides known to have toxicity to cucumber beetles when ingested should be evaluated for use with Cidetrak. In addition, future studies should compare Cidetrak treatments to other cucurbitacin baits that contain different types of cucurbitacins, ßoral attractants, or both.
